Self-assembled monolayers of -͑4Ј-methyl-biphenyl-4-yl͒-dodecyl thiol ͓CH 3 -C 6 H 4 -C 6 H 4 -(CH 2 ) 12 -SH,BP12͔ on gold were patterned via exposure to 300 eV electrons. Subsequent copper deposition in an electrochemical cell revealed behavior opposite to that of electron beam patterned monolayers of alkanethiols. Whereas alkanethiols act as a positive resist and lead to copper deposition only on irradiated parts, the biphenyl based thiol acts as a negative resist. At the irradiated areas the layer exhibits blocking behavior and copper deposition is observed only on the nonirradiated parts.
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Self-assembled monolayers ͑SAMs͒ of thiols provide a very flexible means by which to modify electrode surfaces ranging from inert alkane thiols, which exhibit blocking behavior, to thiols bearing redox active moiety and, thus, are interesting for sensor applications. [1] [2] [3] In addition to variations of the electrode properties via the molecular structure, the possibility to fabricate patterned SAMs offers an additional perspective for electrochemistry, since arrays of microelectrodes can be generated in a controlled way. Patterned SAMs can be made by soft lithographies 4 as well as with ''conventional'' lithographic tools such as photons, 5,6 ions 7 or electrons. [8] [9] [10] [11] [12] [13] Among these, electrons are particularly attractive since they allow patterning with spatial resolution down to the range of a few nanometers. Most work on electron beam patterning of SAMs utilizes the destruction of aliphatic spacer groups in alkanethiols or alkylsilanes. Having positive resist behavior they, however, suffer from the disadvantage that the chemical processes associated with the electron-induced degradation are quite complex. 14 -17 Unsaturated bonds and sulfides are formed 17, 18 and, associated with this degradation, defects are generated in a rather uncontrollable way. For small scale patterning, ultimatively on a molecular length scale, it is highly desirable to have resist properties which can be controlled by a better defined chemistry. Furthermore, in electrochemistry the minimization of defects is essential since they can alter the electrode properties to a degree which might mask the desired electrochemical response of the layer.
A class of molecules promising to fulfill these requirements in a significantly better way than alkane-based thiols are biphenylthiols which reveal fundamentally different behavior towards electron irradiation. Instead of degradation, electron-induced crosslinking of the aromatic moieties results in negative resist behavior. 19 Furthermore, in the case of nitro-terminated thiols chemical activation that provides a route for a chemical lithography was observed. 20, 21 A combination of a biphenyl moiety and an alkane spacer which separates the thiol head group from the aromatic part offers additional opportunities. With respect to electrode modification such a scheme seems particular attractive. The charge transfer rates of aromatic moieties are much larger compared to those of saturated hydrocarbons 22 and, therefore, the electrochemical properties can be adjusted by varying the length of the alkane chain. 23 Additionally, this scheme has the advantage that the aromatic moieties provide structural integrity 24 and, therefore, alkane spacer units as small as one CH 2 group can be used, in contrast to short chain thiols which form ill-defined, unstable SAMs. From the viewpoint of patterning the combination of aromatic and aliphatic moieties is interesting since positive and negative resist behavior is unified within one molecule and the question of what the properties with regard to electron irradiation are and what electrochemical properties will result arises. As the first step within this framework we performed a study of BP12 which bears a biphenyl moiety and a dodecyl spacer. For comparison SAMs of hexadecane thiol ͑MC16͒ were also investigated.
Samples were prepared by the immersion of polycrystalline gold substrates ͓100 nm Au evaporated onto Si͑100͒ with a 5 nm Ti interlayer͔ into 1 molar ethanolic solutions of the respective thiols 25 for at least 12 h. After removal from the thiol solution, the samples were rinsed with pure ethanol and blown dry with nitrogen.
The SAMs were patterned using proximity printing through a stencil mask. 11, 26 The mask is held in direct contact with the SAM and a parallel exposure is performed using a flood gun type electron source operated at 300 eV. To address different length scales different types of masks were used. The first one ͑mask A͒ was a copper grid like that used in transmission electron microscopy with circular holes of 35 m diameter. The second one ͑mask B͒ ͑Quantifoil Micro a͒ Tools, Jena, Germany͒ consisted of an array of 40 m ϫ40 m squares. The squares had a substructure with a periodicity of 2.5 m and circular holes of 1.6 m diameter. Mask C consisted of a chromium coated silicon-nitride membrane ͑ϳ50 nm thickness͒ that was perforated by focused ion beam milling. 11 The size of its line shaped openings varied between 100 and 500 nm. The SAM coated electrodes were exposed with an electron dose of 20 000 C/cm 2 and subsequently transferred to an electrochemical cell. The size of the circular working electrode was 0.3 cm 2 . A platinum wire was used as the counterelectrode ͑CE͒, and a silver wire served as the reference electrode ͑RE͒. The freshly prepared, degassed electrolytes consisted of 10 mM CuSO 4 and 0.5 M H 2 SO 4 in Millipore water. To determine the deposition potential a complete cyclic voltammogram ͑CV͒ was acquired first. The range extended from ϩ0.25 to Ϫ0.85 V and the scan rate was 50 mV/s. Subsequently, starting at ϩ0.25 V the potential was ramped to the maximum cathodic current at the same scan rate. For both MC16 and BP12 the maximum varied between Ϫ0.6 and Ϫ0.7 V. The deposition time at constant potential at the end of the ramp was 20-25 s. Afterwards the structures were characterized by contact atomic force microscopy.
The effect of irradiation on the electrochemical properties of the SAMs is illustrated by comparing native SAMs with those which were uniformly exposed to electrons. As revealed by the copper deposition and stripping cycles shown in Fig. 1 there is a fundamental difference between MC16 and BP12. In the case of MC16, electron irradiation destroys the blocking behavior of the native SAM and a large increase in the currents reflects copper deposition and dissolution ͓Fig. 1͑a͔͒. The behavior of BP12 ͓Fig. 1͑b͔͒ is in sharp contrast to that of the alkane thiol. The CV of the native layer indicates incomplete blocking which results in significant copper reduction and oxidation waves. However, upon exposure to electrons the BP12 layer becomes significantly more blocking as revealed by the copper redox currents which are largely reduced.
The inverse behavior of the BP12 SAM compared to that of MC16 can be substantiated further by patterning SAMs. As shown by the sequence of atomic force microscopy ͑AFM͒ images in Fig. 2 copper is only deposited on areas which have not been exposed to electrons. For MC16 ͑not shown͒ we only observe deposition on the irradiated areas and this was already known from the work of SondagHuethorst et al. 9 As exemplified in Fig. 3 , which shows the deposition on a BP12 SAM exposed to electrons using mask B, patterning on different length scales can be easily achieved. Using proximity printing electrode areas in the square millimeter range ͓Fig. 3͑a͔͒ with fine structures in the range of about 1 m are easily possible ͓Fig. 3͑b͔͒. Note that an area of ϳ10 mm 2 has been patterned with micrometer resolution in a single exposure step. We have not yet systematically explored the resolution limit but extension to submicrometer dimensions is feasible. Evidenced of this is shown in Fig. 4 which depicts a copper structure deposited on a BP12 film that has been irradiated through mask C. The oval shape of the bare areas corresponds to the shape of the openings in the stencil mask. Distortion of the rectangular shaped milling pattern is caused by residual tensile stress in the silicon nitride membrane. 11 The striking difference between the properties of BP12 and MC16 is quite surprising since the biphenyl thiol also contains a rather long alkane chain. Therefore, for native BP12 SAMs blocking behavior could also be expected. Even though details of this are currently under investigation, copper deposition on the native BP12 SAM is expected to be defect mediated as illustrated in Fig. 5 . As revealed by spectroscopic studies on native and irradiated SAMs of 2 . AFM image of a BP12 monolayer on Au. The SAM was modified by proximity printing using 300 eV electrons and mask A and subsequent electrochemical copper deposition. The circular areas with diameters of 35 m were irradiated. The transition region between modified and unexposed areas highlighted by the frame in ͑a͒ is shown in ͑b͒. The bar in 2͑b͒ marks the line scan shown in Fig. ͑c͒.   FIG. 3 . Optical micrograph of a BP12 layer which was exposed to electrons through mask B and subsequently exposed to an electrochemical copper deposition. In the bright areas the crosslinked biphenylthiol SAM prevents copper deposition on the gold surface. A coarse grid of deposited copper with 60 m periodicity is visible in ͑a͒ which shows an area of 1200 m ϫ800 m. A pattern of 1.6 m dots ͑2.5 m periodicity͒ at which no copper is deposited is seen at the higher magnification in ͑b͒ which is 120 mϫ80 m. 17, 18 does not necessarily mean that the same occurs for BP12. In this system the alkane chains are topped by biphenyl units, resulting in spatial confinement which might significantly alter the radiation chemistry. Spectroscopic studies are underway to further elucidate this point.
The work reported here presented experiments which are based on the concept of a hybrid thiol. By combining aromatic and aliphatic moieties patterned electrodes were created. This is in contrast to alkane thiols where positive resist behavior is observed and electrochemical copper deposition takes place in areas of an ill-defined structure and chemical composition the hybrid SAM acts as a negative resist. The electrochemical processes take place in regions of the intact molecules which should allow better control of the electrochemistry on patterned SAMs. Future work will focus on the influence of the alkane chain length and the electrochemical stability of irradiated biphenyl SAMs. FIG. 4 . SAMs of BP12 on gold patterned by proximity printing through mask C and electrochemical copper deposition. Irradiated areas where the copper deposition is blocked appear dark. The arrows in Fig. 3͑a͒ mark the line scan shown in Fig. 3͑c͒ . A magnified image of the pattern is shown in Fig. 3͑b͒.   FIG. 5 . Schematic illustration of the electrochemical behavior of a BP12 SAM. For the native film copper deposition is expected to be defect mediated ͑1͒. Electron irradiation links the biphenyl moieties which can then mask intrinsic defects ͑2͒ or radiation induced damage in the alkane spacer ͑3͒.
